ABSTRACT--A micro-interferometric technique for measuring out-of-plane thermal displacements on a scale commensurate with the dimensions of the fiber/matrix unit cell is described, A scanning micro-interferometer is used to image surface displacements of samples containing a single-pitch-based carbon fiber embedded in an epoxy matrix. The interferometer design gives the necessary resolution to detect small changes in thermal displacements in the fiber/matrix interface region. The samples were heated electrically through the fiber to create radially symmetric temperature and displacement fields. Repeatable displacement measurements were obtained on a radial line across the interface region with an accuracy of _ 25,&. A sharp expansion of the matrix surrounding the fiber was observed with each heating. Overall, the experiments demonstrate the utility of micro-interferometry for measuring submicron displacements.
Introduction
Many of the overall thermomechanical properties of a composite material are influenced by the local structure and properties of a region developed at the fiber/matrix interface. Controlling and optimizing the properties of this interface region are highly desirable for enhanced performance of the composite. In order to develop and evaluate mechanics models or empirical relations which correlate composite behavior with interface behavior, the properties of the interface region must be accurately measured. There is, however, a lack of adequate experimental techniques for quantitatively determining material properties and behavior in a region of this size. Consequently, there is increased interest in refining the scale of micromechanical measurements to include the interfacial region.
Most of the reinforcing fibers used in composite materials have diameters ranging from 5 gm to 150 #m, while the distance between fibers for a high volume fraction is on the order of 2 gm or less. Thus, any experimental technique for measuring in situ mechanical Illinois, 216 Talbot Laboratory, 104 S. Wright Street,'Urbana, IL 61801. W.R. Scott is Group Leader, Naval Air Development Center, Code 6063, Warminster, PA 18974. R.L. McCullough is Professor, University of Delaware, Department of Chemical Engineering, Newark, DE 19716. behavior in the interface region must have a spatial resolution commensurate with the dimensions of the fiber/matrix unit cell. Cox, Morris and James' have reported one method for high sensitivity, high spatial resolution strain measurements around fibers in composite alloys. The technique enables the measurement of relative in-plane displacement fields using stereo-imaging of SEM micrographs. The displacements are determined by comparing the position of visible surface features on stereo micrographs taken before and after a load is applied. The displacement sensitivity of this instrument is reported as + 20 A when using SEM images. This method has been employed to study local thermal fatigue near the fiber/matrix interface. 2 Additionally, Morris, Inman and Cox 3 have used this technique to measure out-of-plane displacements between fiber clusters in heated unidirectional graphite/epoxy composites. The spatial resolution of the apparatus in this work is reported to be about 1 gm while the net error in the displacements is +75 ~,. An increased displacement sensitivity of + 10 A is reported in a more recent work, 4 where digital image processing is used to replace manual stereoscopic analysis for the measurement of small strains.
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Previous studies by Scott et a13. 6 and Huber et al. 7 have demonstrated the utility of heterodyne micro-interferometry for measurement of submicron displacements caused by ultrasonic waves propagating at frequencies of one megahertz and above. Because an interferometer probe is a light beam, it has the capability to resolve small displacements in regions comparable to the wavelength of the light being used. In this paper, a micro-interferometric technique is described for measuring thermal displacements with an out-of-plane resolution of 50 A and a potential in-plane resolution of 1.0/~m. The motivation behind the development of an interferometer with this resolution has been to provide a technique for accurately measuring deformations in the interface region. The interferometer is used to image the out-of-plane thermal displacements of specimens consisting of a single 30-/~m carbon fiber embedded in an epoxy matrix. Details of the apparatus, the heating mechanism, sample preparation, and the displacement measurements will be described. Results showing the differential thermal displacements of the fiber and matrix are presented.
Apparatus
The current design for a scanning heterodyne microinterferometer has evolved from a number of previous designs reported in the literature by Scott et al. ~ '~ A distinguishing feature of these earlier methods is the formulation of a magnified image on the face of a scanning detector, while the sample serves as a stationary mirror in one arm of the interferometer. By using a scanning detector window with a diameter smaller than the obtainable resolution of the image, detailed displacement contour plots can be made without the necessity for continuous realignment of the specimen. This general technique is also employed in the current interferometer described below. Additionally, a more detailed description of the interferometer is given by Ryan et aL 8 A schematic diagram of the scanning heterodyne microinterferometer developed for this study is shown in Fig. 1 . A single, linearly polarized light beam of wavelength 514.5 nm from an Argon laser is incident upon a 40-MHz acousto-optic modulator (AOM) producing two beams which are sent along different arms of the interferometer. The first beam, or reference beam, is directed along path A in Fig. 1 and propagates with the same frequency as the beam incident upon the AOM. The second beam, which follows path B in Fig. 1 , is shifted in frequency by 40 MHz and is used to illuminate the sample surface. Hence, the sample serves as a mirror in this arm of the interferometer. The sample is mounted on a translation and rotation stage, such that only the outer edges of the back face of the sample are actually touching the fixture. This arrangement allows the sample to displace freely. The sample is manually adjusted for angular tilt when aligning the interferometer.
The combination of the polarizing cube and the quarter (--~-) allows the sample to be illuminated at wave plate normal incidence without excessive light loss. The polarizing cube reflects vertically polarized light, and transmits horizontally polarized light. The vertically polarized light incident upon the cube is reflected through the quarterwave plate, which circularly polarizes it. After reflection from the sample, the beam passes back through the quarter-wave plate, producing a horizontally polarized beam that passes through the cube toward the beam The half-wave plate (~k2) in the reference arm splitter.
rotates the polarization of the unmodulated beam to match the beam from the sample arm. The two beams are then recombined at the beam splitter.
The combined beams arrive at the primary lens of a QUESTAR long-distance microscope. The sample surface being imaged lies within the object plane of the microscope. An image is formed behind the microscope and is magnified onto the image plane of a scanning photodiode detector using an eyepiece lens. Through the use of different lenses, magnifications from 1 x to 100x are possible. Light intensity may drop below acceptable levels with magnifications of greater than 100x, making it difficult to achieve the potential transverse resolution of 1 #m. Depending on the magnification of the image, the in-plane resolution is either limited by the optical system or by the diameter of the detector window. At present, the detector window is 0.75 mm in diameter, which, at a magnification factor of 85 x, yields an in-plane resolution of approximately 9 ttm.
If there is a sharp change in the phase data, it is averaged across the window. Rapid spatial phase fluctuations of greater than 2~r could in principle lead to phase and displacement ambiguities. The use of polished specimens makes this type of error highly unlikely in these experiments. However, in areas where steep surface gradients exist, time-dependent displacements are monitored during heat up and cool down to confirm that no 2 7r discontinuities are missed.
The large effective numerical aperture (-0.6) of the long-distance microscope increases light-gathering power and permits high-resolution imaging. It incorporates a 20.3-cm (8-in.) diameter primary mirror, and operates with a working distance of 30 to 55 cm. Consequently, the device allows a reasonable working distance without the need for position detectors to avoid sample contact, as is necessary for other high magnification devices. The shortest working distance of 30 cm was used for the current experiments.
One corner of the image plane is reflected by a mirror onto a second photodetector. The signal at this stationary photodetector is used as a phase reference signal. As the scanning photodetector moves across the image, the phase of the image signal is compared to the phase of the reference signal. As a result, dynamic disturbances, such as air turbulence, mechanical vibration, and thermal drift, that occur within the interferometer but away from the Experimental Mechanics * 99
